Metastasis is the primary cause of death from breast cancer. A xenograft model was used to identify genes potentially involved with metastasis, comparing expression in the poorly metastatic GI101A human breast cancer cell line and a highly metastatic variant, GILM2. cDNA microarray analyses of these isogenic variants were done using 16K Operon 70-mer oligonucleotide microarray slides. Differentially expressed genes were identified by ANOVA, and differences of z2.5-fold were found for 106 genes. Changes in protein or RNA expression were confirmed for 10 of 12 genes. Three markers, heat shock protein 70 (HSP-70), chemokine (C-X-C motif) ligand 1 (CXCL-1), and secreted leukocyte protease inhibitor (SLPI), were studied further with breast cancer tissue microarrays using a novel method of automated quantitative analysis. This uses cytokeratin to define pixels as breast cancer (tumor mask) within the tissue array spot and then measures intensity of marker expression using a cyanine 5-conjugated antibody within the mask. Scores were correlated with clinicopathologic variables. High HSP-70 expression and high nuclear CXCL-1 expression in primary tumors were both associated with decreased survival (P = 0.05 and 0.027, respectively). Expression of each marker was strongly associated with lymph node involvement (P = 0.0002, 0.008, 0.0012, and 0.012 for HSP-70, nuclear CXCL-1, cytoplasmic CXCL-1, and SLPI, respectively). Identification of genes associated with metastasis in experimental models may have clinical implications for the management of breast cancer, because some of these are associated with lymph node metastasis and survival and might be useful as prognostic markers or molecular targets for novel therapies. (Cancer Res 2005; 65(13): 5578-87) 
Introduction
Despite improvements in surgery and the use of adjuvant therapy, many patients still die from breast cancer. Metastatic disease, principally to the lungs, liver, bone, and brain, is the most common cause of breast cancer death (1) . Therefore, there is still a need to find new and more effective treatments, and this can only be accomplished through a better understanding of the genes that contribute to disease progression. Two basic principles have become apparent from studies of the pathophysiology of metastasis. First, tumors are heterogeneous; thus, different cells from the same tumor can differ in their potential to form metastasis. Second, the metastatic process is not random but is a well-orchestrated sequence of events that depend on the properties of the tumor cells and their interactions with the microenvironment at the metastatic site (2, 3) . The metastatic phenotype of breast cancer results from the accumulation of multiple genetic alterations. Some individual genes, such as HER-2/neu, p53, nm23, and cyclin D, determined in clinical and experimental studies of breast cancer, have prognostic or predictive value for disease outcome (4) . In recent years, advances in high-throughput technologies have revolutionized the analysis of genetic events in tumor progression (5) . Gene expression profiling significantly increases the number of genes that can be investigated and the speed of data collection. In addition, tissue microarrays enable us to simultaneously evaluate expression of a single protein in hundreds of tumors under uniform conditions (6) .
Reproducing the complex interactions that occur during metastasis is difficult, and much of the current knowledge is based on xenograft models using orthotopic injection of human tumor cells in immunodeficient mice (2) . Several investigators have combined experimental metastasis models and expression array analyses to identify genes associated with metastasis (7) (8) (9) . Unfortunately, there are few human breast cancer cell lines that are tumorigenic and metastatic (10) . We recently described the selection of a more aggressive GILM2 variant of the GI101A human breast cancer cell line by selection of cells from rare metastases in mice bearing tumors of the original cell line. GILM2 cells produce rapidly growing tumors and metastases in 90% to 100% of nude mice (11) . In the present study, the GI101A and GILM2 variants were used to identify genes associated with metastasis by comparative cDNA microarray analysis based on the rationale that in a comparison of isogenic variants the genetic differences might be relatively few. Further, differences in gene expression are more likely to be related to differences in malignant behavior than if the study used cell lines from different individuals. The study identified 106 genes differentially expressed by z2.5-fold, with 59 increased and 47 decreased in the metastasis-derived GILM2 cell line. The difference in expression of 10 of 12 genes was confirmed by independent measurements of RNA and/or protein. Identification of genes associated with, or functionally involved, in breast cancer metastasis may have clinical implications for the management of breast cancer. The small heat shock protein (HSP) aB-crystallin was elevated in the metastasis-derived cells, and we have reported recently that expression of aB-crystallin is associated with lymph node metastasis and shorter survival in breast cancer patients (12) . Here, we perform further studies to investigate whether other genes that are differentially expressed in the metastatic breast cancer cells have clinical prognostic or predictive value using a newly developed, objective method of automated quantitative analysis (AQUA) of tissue microarrays.
Materials and Methods
Cell lines. The GI101A cell line was provided by the Goodwin Institute for Cancer Research, Inc. (Plantation, FL; ref. 13 ). The cells were maintained in monolayer culture in DMEM/F-12 medium supplemented with 10% fetal bovine serum (FBS), L-glutamine, and 5% v/v insulin-selenium-transferrin supplement (Sigma Chemical Co., St. Louis, MO). The GILM2 lung metastasis-derived variant was established as described previously (11) .
Anchorage-independent growth. Single-cell suspensions of GI101A and GILM2 were mixed with 0.3% agarose and plated over base layers of 0.6% agarose, with 5 Â 10 3 cells per 35 mm diameter well. The 0.3% agarose was prepared as described previously (14) and supplemented with 10% or 1% FBS. Cultures were incubated for 21 days and the numbers of colonies with >50 Am in diameter were counted.
Tumorigenicity and metastasis assays. Tumor cells in exponential growth phase were harvested by brief exposure to 0.25% trypsin in 0.02% EDTA and suspended in PBS, and 2.5 Â 10 6 cells (0.1 mL) were injected into the mammary fat pad of female athymic NCr-nude mice (10) . Mice were purchased from the National Cancer Institute-Frederick Cancer Research Facility (Frederick, MA). Tumor sizes were measured weekly using calipers and tumors of 1.5 cm diameter were surgically removed as described previously (11) . Mice were killed 4 weeks after tumor removal and examined for metastases, visible macroscopically, or detected in sections of lungs and lymph nodes. The care and use of animals was approved by the Institutional Animal Care and Use Committee of the University of Texas M.D. Anderson Cancer Center (Houston, TX).
RNA extraction. Total RNA was extracted from cells using the TriReagent (Sigma Chemical) following the manufacturer's recommended protocol. The RNA was then washed using a Qiagen RNeasy kit (Qiagen, Valencia, CA). The samples were electrophoresed in a 1% agarose gel containing 2.2 mol/L formaldehyde to verify the integrity of the RNA.
Probe preparation and labeling. Probe preparation and labeling were done as described previously (15) . Briefly, total RNA (75 Ag) was used for each of the cell lines for each array. cDNA probes were synthesized by reverse transcription using SuperScript reverse transcriptase (Life Technologies/ Invitrogen, Carlsbad, CA) with oligo(dT) and random hexamers as primers, incorporating allyl amine-dUTP (Sigma Chemical) into synthesized cDNA. Coupling of cyanine 3 (Cy3) or cyanine 5 (Cy5) dyes to allyl amine-dUTPmodified cDNA was done using NHS-ester Cy3 or Cy5 dye (Pharmacia, New York, NY) by incubation at 25jC for 90 minutes in subdued light.
cDNA microarray slide hybridization. Operon 70-mer 16K oligonucleotide microarray slides were purchased from the Keck Microarray Facility at Yale University (New Haven, CT). The array contained 0.7 Â 10 10 to 1.7 Â 10 10 oligonucleotide probes per gene for 16,000 genes. A list of the genes on the array is available on request. Hybridization of fluorescently labeled probes to the glass slides was done with hybridization buffer [50% deionized formamide, 12.5% SSPE (150 mmol/L NaCl, 10 mmol/L sodium phosphate, 1 mmol/L EDTA), 0.625% SDS, 1.5Â Denhardt's with blockers (0.5 Ag/AL mouse Cot-1 DNA, 0.1 Ag/AL poly(A) (15A), 0.2 Ag/AL yeast tRNA)] at 42jC for 18 to 24 hours. After hybridization, the slides were washed first with 1Â SSC/0.1% SDS at 25jC for 15 minutes, then with 0.2Â SSC/0.1% SDS, and finally with 0.2Â SSC.
Microarray slide scanning. The slides were scanned with an Axon Model laser scanner. Analysis of the fluorescent hybridization signal of microarray slides was done with Genepix software, and the data were analyzed using Microsoft Excel.
Microarray experimental design. GI101A and GILM2 samples were hybridized together on oligonucleotide arrays four times. On the first two slides, GI101A was coupled with Cy3 and GILM2 with Cy5. On the third and fourth slides, the dyes were reversed.
Microarray data preprocessing. As a preliminary step in searching for differentially expressed genes between the two cell lines, we excluded genes for which we did not have good hybridization in at least one of the four measurements. Genes that had complete sets of four ratios with expression levels of >100 pixels per spot were selected for further analysis. In each of the four experiments, gene expression levels of the samples were normalized by the median expression level of all genes in that sample. These normalized expression levels were then used to calculate gene expression ratios between the two samples.
Differentially expressed genes. To identify the differentially expressed genes, we applied the ANOVA (16) package provided by the Jackson Laboratory (http://www.jax.org/staff/churchill/labsite/software/anova/ index.html) as described previously (15) . We selected genes with a 2.5-fold increase or decrease in expression relative to GI101A with 99% confidence intervals. The four ratios per gene from the replicate hybridizations were then combined to form a composite ratio.
ELISAs. Culture supernatants were collected as described previously (17) , and concentrations of chemokine (C-X-C motif) ligand 1 (CXCL-1) and interleukin-8 (IL-8) in the conditioned medium were measured by ELISA following the procedure recommended by the manufacturer of the reagents (R&D Systems, Minneapolis, MN).
Immunoblotting. Immunoblotting of total cell lysates was done as described previously (11) . For detection of proteins in culture supernatants, serum-free medium was collected from cultures of GI101A and GILM2 incubated for 24 hours and concentrated in spin filters f15-fold. Antibody hybridizations followed the manufacturer's recommended procedures. Antibodies were detected with horseradish peroxidase (HRP)-conjugated secondary antibodies and the Amersham enhanced chemiluminescence system (Amersham, Arlington Heights, IL). Immunoreactive bands were quantified by densitometry using ImageQuant software (Molecular Dynamics, Sunnyvale, CA). The primary antibodies used were monoclonal anti-aB-crystallin (Stressgen Biotechnologies, Victoria, British Columbia, Canada); polyclonal anti-insulin-like growth factor binding protein 3 (IGFBP3; Upstate Biotechnology, Inc., Lake Placid, NY); polyclonal anti-HSP-70 and polyclonal anti-Id-1 (Santa Cruz Biotechnology, Santa Cruz, CA); monoclonal anti-tissue inhibitor of matrix metalloproteinase (MMP) 1 (TIMP1; Oncogene Research Products, Boston, MA); and polyclonal antiphospholipase A2 (cPLA 2 ; Cell Signaling Technology, Beverly, MA).
Immunohistochemistry. Sections of paraffin-embedded tumors were used to compare protein expression in vivo. Immunohistochemistry was done as described previously (18) using antibodies to aB-crystallin, basic fibroblast growth factor (bFGF; Sigma Chemical), and secreted leukocyte protease inhibitor (SLPI; R&D Systems) and HRP-conjugated secondary antibodies. Antibody binding was detected using diaminobenzidine, and sections were counterstained with hematoxylin.
Measurements of RNA expression of selected genes. Total RNA was isolated using TriReagent following the manufacturer's recommended protocol. Levels of bFGF were measured using RNase protection as described previously (19) . For quantitative PCR (Q-PCR), total RNA was reversed transcribed with random primers from the High Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA). cDNA was amplified using the ABI 7000 Sequence Detection System for the expression of IL-8, connective tissue growth factor (CTGF), IGFBP3, SLPI, MMP-7, and TIMP-1 using Predeveloped TaqMan Assay Reagents or Assays-on-Demand gene expression products (Applied Biosystems). Results were recorded as mean threshold cycle (Ct), and relative expression was determined using the comparative Ct method as described previously (17) using human placenta RNA (Promega, Madison, WI) as a calibrator.
Tissue microarray construction. Expression of HSP-70, CXCL-1, and SLPI was studied on large cohort tissue microarrays using a newly developed method of AQUA of expression. Tissue microarrays were constructed as described previously (20) . The arrays contained 324 nodepositive and 331 node-negative breast cancer cases constructed from paraffin-embedded, formalin-fixed blocks obtained from the Yale University Department of Pathology archives. This cohort has been validated and described in prior publications (12, 20) . Specimens were resected between 1962 and 1980, with follow-up between 4 months and 53 years. Complete treatment history was not available for the entire cohort. Most patients were treated with local irradiation. None of the node-negative patients were given adjuvant systemic therapy. A minority of the node-positive patients (f15%) received chemotherapy, and f27% received tamoxifen (after 1978). The mean age of patients at diagnosis was 58 years. Slides were reviewed by a pathologist to select areas of invasive tumor to be placed on the tissue microarray using a Tissue Microarrayer (Beecher Instruments, Silver Spring, MD). Sections (5 Am thick) with diameters of 6 Am were cut and placed on glass slides using an adhesive tape system (Instrumedics, Inc., Hackensack, NJ) and UV cross-linking.
Fluorescent immunohistochemical staining. Staining was done for automated analysis of breast cancer specimens using a newly developed method as described previously (21) . Briefly, slides were deparaffinized by rinsing with xylene followed by two changes of 100% ethanol and two changes of 95% ethanol. The slides were boiled in a pressure cooker containing 6.5 mmol/L sodium citrate (pH 6.0) for antigen retrieval. Endogenous peroxidase activity was blocked in methanol containing 2.5% H 2 O 2 for 30 minutes at room temperature. After washing with TBS, the slides were incubated at room temperature for 30 minutes in 0.3% bovine serum albumin/1Â TBS to reduce nonspecific background staining. Slides were incubated at 4jC overnight in a humidity tray with the primary antibodies [goat polyclonal anti-human HSP-70 antibody ( Automated quantitative analysis. The tissue microarray slides were analyzed using AQUA as described previously and validated (21) (22) (23) (24) (25) . When compared with traditional immunohistochemistry, this method is as good or better at predicting outcome based on expression of prognostic markers. Briefly, areas of tumor within the histospot were distinguished from stroma by creating a tumor mask with Alexa 488-tagged cytokeratin. Within the tumor mask, the nuclear compartment was identified using DAPI. The cytoplasmic/membranous compartment was identified by subtracting the DAPI (nuclear) signal from the tumor mask. The target markers, HSP-70, CXCL-1, and SLPI, were visualized with Cy5, and expression levels were measured for the two defined subcellular compartments within the tumor mask.
Image acquisition. Multiple monochromatic, high-resolution (1,024 Â 1,024 pixels, 0.5 Am) grayscale images were obtained for each histospot using the Â10 objective of an Olympus AX-51 epifluorescence microscope (Olympus, Melville, NY) set up with an automated Prior microscope stage and video and digital image acquisition driven by custom program and macro-based interfaces with IPLabs (Scanalytics, Inc., Fairfax, VA) software.
Algorithmic image analysis. Images were analyzed using algorithms that have been described previously (21) (22) (23) (24) (25) . Formalin-fixed tissues can exhibit autofluorescence, causing background peaks. Two images (one infocus and one out-of-focus) were taken of the compartment specific tags and the target marker. A percentage of the out-of-focus image was subtracted from the in-focus image for each pixel, to eliminate background, as described previously in detail (21) . Subsequently, a second algorithm was used to assign each pixel in the image to a specific subcellular compartment and calculate the intensity of the signal in each location. Pixels that cannot accurately be assigned to a compartment were discarded. The data were saved and expressed as the average signal intensity per compartment area. For HSP-70 and SLPI, the signal was only cytoplasmic/membranous and no signal was detected in the nuclear compartment. For CXCL-1, signal was detected in both the nucleus and the cytoplasm. The data were analyzed separately for these two compartments, as with some other biomarkers, we have found differences in the predictive value between nuclear and cytoplasmic levels (26, 27) . The target signal was measured on a scale of 0 to 255, and intensity was expressed relative to compartment area.
Statistical analysis. The Statview (SAS Institute, Inc., Cary, NC) software was used for data analyses. Continuous AQUA scores of target expression were divided into quartiles and associations with clinicopathologic variables were completed using the m 2 test. The prognostic significance of the variables was assessed for predictive value using the Cox proportional hazards model with breast cancer-specific survival as an end point. Patients who died of other causes or patients who were lost to follow-up were censored. Survival curves were generated using the Kaplan-Meier method.
Results
Growth and metastatic potential of GI101A and GILM2. Anchorage-independent growth is associated with malignant potential (14) , and the metastasis-selected GILM2 cells showed higher colony-forming efficiency than GI101A cells, most notably in cultures with reduced serum (Fig. 1A) . When injected into the mammary fat pads of nude mice, the GILM2 cells showed a Figure 1 . Anchorage-independent growth, tumorigenicity, and metastasis of GI101A and GILM2 cells. A, numbers of colonies formed in cultures of 0.3% agarose supplemented with 1% or 10% FBS. No colonies grew in the cultures of GI101A supplemented with 1% FBS. Columns, mean of triplicate cultures; bars, SD. B, growth rates of tumors resulting from injection of 2.5 Â 10 6 cells into the mammary fat pad of nude mice. C, incidence of metastases in the lungs of mice with mammary fat pad tumors (GI101A, n = 17; GILM2, n = 24). The incidence of metastases was significantly higher in mice bearing GILM2 tumors. P < 0.0001 (Fisher's exact test).
markedly increased growth rate compared with GI101A cells (Fig. 1B) . The incidence of metastasis from the mammary fat pad tumors to lungs was significantly higher in mice bearing GILM2 tumors (Fig. 1C) . The metastatic burden in the lungs of mice with GILM2 tumors was greater as reported previously (11) . Thus, in both in vitro and in vivo assays, the GILM2 cells show a substantially more aggressive phenotype.
cDNA microarray analysis of differentially expressed genes in the high versus low metastatic potential cell lines. cDNAs from GI101A and GILM2 cells were hybridized on oligonucleotide arrays four times. Few differences were seen between the four hybridizations, with a high level of concordance across the arrays. Use of the ANOVA package identified 2,100 genes that were differentially expressed in a statistically significant manner (>99% CI). The expression of 890 genes was increased and 1,217 genes showed decreased expression in the GILM2 cells, giving a 13% change rate. However, the expression of most of these genes was NOTE: Differential expression of 59 genes that were overexpressed in the metastasis-derived GILM2 cells. The criterion for selecting genes with increased expression in GILM2 cells relative to GI101A was that both end points of their 99% confidence intervals be positive (using ANOVA) and that the expression in GILM2 be at least 2.5-fold than in GI101A. The results shown are the composite of four hybridizations of the oligonucleotide arrays.
altered between 1.1-and 1.5-fold (90% showed a <2-fold change).
Only 106 genes with a z2.5-fold change in expression (0.66% of total genes on the array) were identified. Table 1 shows the 59 genes with z2.5-fold increased expression in the metastasis-selected GILM2 cells, and Table 2 lists the 47 genes with decreased expression. The genes are grouped in the tables according to function in the context of possible roles in breast cancer progression. Nine categories potentially linked to tumor aggressiveness were selected, including mediators of cell growth, antiapoptosis, motility, and angiogenesis. The final group of genes in each table have unknown function or are expressed sequence tags. Genes potentially promoting motility (e.g., CXCL-1) showed increased expression in the GILM2 cells. In contrast, the expression of genes involved in adhesion and cohesion (desmocolin and claudin-6) were reduced in the cells with increased metastatic potential. Validation of differences in gene expression. Twelve genes were selected for validation of the differences in expression in the microarray analyses using measurements of either RNA and/or protein. The genes selected included those with reported functions in breast cancer progression and those for which antibodies and real-time PCR primers were commercially available. Differences in NOTE: Differential expression of 47 genes with reduced expression in the metastasis-derived GILM2 cells. The criterion for selecting genes with decreased expression in GILM2 cells relative to GI101A was that both end points of their 99% confidence intervals be negative (using ANOVA) and that the expression in GILM2 be at least 2.5 fold in GI101A. The results shown are the composite of four hybridizations of the oligonucleotide arrays.
expression, consistent with findings in the microarray analysis, were found for 10 of the 12 genes (Table 3) . Increases in aB-crystallin, IGFBP3, CXCL-1, and cPLA 2 proteins were measured by immunoblotting or ELISA. Increased MMP-7, CTGF, SLP1, and IGFBP3 expression in GILM2 cells was confirmed by Q-PCR. Reduced expression of HSP-70 in GILM2 cells was confirmed by immunoblotting, bFGF by RNase protection assay (RPA), and TIMP-1 by immunoblotting and Q-PCR. The difference in Id-1 expression found in the microarrays was not confirmed. The difference in IL-8 expression, measured by ELISA and Q-PCR, was neither unchanged nor decreased, respectively, in the GILM2 samples in these assays. Validation of differences in expression of three genes in vivo was tested by immunohistochemistry using sections of tumors grown in immunodeficient mice. The intensity of staining for aBcrystallin and SLPI was higher in tumors of GILM2 compared with GI101A tumors. The staining for bFGF showed lower intensity in GILM2 tumors compared with GI101A tumors (Fig. 2) . Thus, the immunohistochemistry results were consistent with the gene expression differences identified in the expression arrays.
Immunohistochemical staining of breast cancer tissue microarrays. HSP-70 was selected for further analysis on human tumors, as it is a HSP that was shown previously to be associated with poor outcome (28) . CXCL-1 was selected based on a recent report of the association between chemokines and their receptors and breast cancer aggression (29) . SLPI was selected, as it was found in a prior cDNA microarray study of a breast cancer cell line model to be up-regulated with increased invasion and metastasis (15) . Of the 655 breast cancer samples on the tissue microarrays (324 node positive and 331 node negative), 504 (77%) were interpretable for HSP-70 staining, 402 (61%) for CXCL-1 staining, and 434 (66%) for SLPI staining. Spots deemed uninterpretable had insufficient tumor cells in the spot, loss of tissue in the spot, or an abundance of necrotic tissue. The staining intensity for HSP-70 ranged from 62 to 215, CXCL-1 from 8 to 150, and SLPI from 45 to 246. Survival information was available for 90% of the spots, and associations with survival and other clinical variables are presented below. Examples of strong and weak CXCL-1 staining are shown in Fig. 3 . cRatios of expression in GILM2 samples relative to GI101A samples were measured by Q-PCR using the comparative C t method, by ELISA, or from densitometric analysis of immunoreactive bands in immunoblots. Differences in immunohistochemical staining of tumor tissues were not quantified, and representative images are shown in Fig. 2 . , and bFGF (C ) in GI101A and GILM2 xenograft tumors. More intense staining for aB-crystallin and SLPI was seen in the GILM2 tumors compared with GI101A tumors, whereas staining for bFGF was reduced in the GILM2 tumors. Original magnification, Â100.
Survival analysis. Univariate survival analysis was done using the continuous AQUA scores for cytoplasmic/membranous staining of HSP-70, CXCL-1, and SLPI and nuclear staining of CXCL-1. Significant associations with decreased survival were found for HSP-70 (P = 0.05) and nuclear CXCL-1 staining (P = 0.027), whereas the associations with cytoplasmic CXCL-1 (P = 0.08) and SLPI (P = 0.95) were not significant. Continuous AQUA scores were then divided into quartiles, reflecting the use of routine statistical divisions in the absence of an underlying justification for division of expression levels. The AQUA quartiles were correlated with breast cancer-specific survival of the patients using 20-year follow-up. Kaplan-Meier survival curves with univariate Ps are shown in Fig. 4 . These curves show that for HSP-70 and nuclear CXCL-1 increased expression is correlated with worse outcome. For HSP-70, the curves suggest a splitting of the data to define the top three quartiles as ''high'' expression and the first quartile as ''low.'' For nuclear CXCL-1, the curves show overlap of the second and third quartiles, to define three distinct categories of high, medium, and low nuclear CXCL-1 expression. For cytoplasmic CXCL-1, the curves are similar to HSP-70, showing overlap of the top three quartiles (high expressers), which is separate from the lowest quartile. For SLPI, the curves for all four quartiles overlap. These designations are used for the remainder of the analyses. SLPI was divided into ''high'' and ''low'' expressers by the median AQUA score.
Clinicopathologic correlations and multivariate analyses. Using the Cox proportional hazards model, we did multivariate analyses to assess the independent predictive value of nuclear CXCL-1 and HSP-70 staining. We used the binary designations of ''high'' and ''low'' for HSP-70 and ''high, '' ''medium, '' and ''low'' for CXCL-1 as defined above. The other prognostic variables used to perform these analyses included tumor size, nodal status, estrogen receptor (ER) staining, progesterone receptor (PR) staining, HER-2/neu staining, nuclear grade, and patient age at diagnosis. Neither HSP-70 nor CXCL-1 retained their significance as independent predictors of survival, and the only three independent predictors of survival were nodal status, nuclear grade, and tumor size.
Correlation between clinicopathologic variables and marker staining was further examined, and the results are shown in Table 4 . Strong HSP-70 and nuclear CXCL-1 staining was associated with negative ER expression (P = 0.0009 and 0.03, respectively), and strong CXCL-1 was associated with negative PR expression. The most striking associations were found between all four markers and lymph node involvement (P = 0.0002 for HSP-70, P = 0.0008 for nuclear CXCL-1, P = 0.0012 for cytoplasmic CXCL-1, and P = 0.012 for cytoplasmic SLPI).
Significant associations were found between all four markers studied, with the weakest associations found between SLPI and nuclear or cytoplasmic CXCL-1 as shown in Table 4 . As expected, high nuclear CXCL-1 expression was associated with high cytoplasmic CXCL-1, and both were associated with high HSP-70 (P < 0.0001).
Discussion
The transformation and progression of breast cancer is the result of multiple genetic changes. The development of expression array technologies, offering methods to examine patterns of altered gene expression across thousands of genes, has provided important tools for cancer research. Moreover, tissue microarrays allow for simultaneous measurement of selected markers in hundreds of patient specimens. Differential gene expression analyses have been used to define the expression patterns associated with malignant progression, metastasis, and poor prognosis for breast cancer (30, 31) . In this report, the gene expression patterns in isogenic variants of a human breast cancer cell line with different metastatic potential were compared, and 106 genes (0.66% of the total analyzed) were identified as differentially expressed >2.5-fold. The relatively small number is likely due to the common origin of the cell lines, decreasing the genetic variation that may be found in comparisons of cell lines from different individuals (32) . However, the fact that the expression levels of 106 genes were altered z2.5-fold in cells with increased metastatic potential indicates that multiple genetic events contribute to metastasis. The choice of cutoff at a 2.5-fold change in expression was somewhat arbitrary, and there is no consensus as to what should be considered a significant change in expression, with different values used in different studies. It is possible that a smaller change in expression of transcription factors may affect gene expression in the GILM2 variant, but these have been excluded from the current analysis by use of a 2.5-fold change cutoff. Different microenvironmental factors can also affect gene expression levels, and measurements of RNA from cultured tumor cells may not necessarily reflect expression in the tumors in vivo (33) . We chose in this study to compare differences in gene expression in vitro, avoiding the influence of, or contamination with, tumor stroma but included analyses of xenograft tissues of the breast cancer variants in some of the validation experiments.
The reproducibility and accuracy of results from cDNA arrays should be considered, given the relatively high rate of false positives caused by biological variation, cross-reactivity with homologous sequences, random noise, and possible measurement errors (34, 35) . Validation of the expression changes have been most commonly done with RNA, in Northern blots or real-time PCR, and the number of genes validated varies in different studies [e.g., 1 (32) to 15 (7)]. In this study, 10 of 12 genes showed a difference in either RNA and/or protein expression that agreed with results from the expression arrays. However, one limitation of RNA measurements is that they cannot assess the possible effect of post-translational modification, or of RNA stability, on protein expression and function(s). Several studies have shown that mRNA levels do not necessarily correspond with protein expression levels (36, 37) .
Some of the genes identified in the array were among the ''usual suspects'' of metastasis-associated genes. These included TIMP-1, an inhibitor of MMPs, with reduced expression in GILM2 cells, and MMP-7, with increased expression in the metastasis-selected cells. Both TIMP-1 and MMP-7 have been implicated in invasion and NOTE: Ps V 0.05 were considered significant and are boldfaced. *ER and PR scores of 0 on a scale of 0 to 3 were defined as negative. cHER-2/neu positive was defined as a score of 2 or 3 on a scale of 0 to 3. bA nuclear grade of 3 on a scale of 0 to 3 was considered high. metastasis (38, 39) . Unlike other MMPs found in breast cancers, MMP-7 is expressed by the malignant cells rather than by stromal elements (40) . Several other genes previously linked with cancer progression and metastasis were among those with >2.5-fold change in this study. CXCL-1 and CXCL-2, two chemokines, were more highly expressed in GILM2. CXCL-1 is an autocrine growth factor for melanoma and promotes chemotaxis of granulocytes and endothelial cells through binding to CXCR2. It also promotes the migration of breast cancer cells in vitro (41) and tumor growth, metastasis, leukocyte infiltration, and angiogenesis in mouse squamous cell carcinoma (42) . Elevated expression of SLPI in GILM2 cells was confirmed in validation experiments. This serine protease inhibitor has various activities, including a role in wound healing, antiinflammatory processes, and cell proliferation (43) . Consistent with the observation reported in this study, SLPI has been shown to promote the tumorigenicity and metastasis of mouse lung cancer cells by a currently unknown mechanism (44) . A previous study using cDNA microarray analysis of another breast cancer cell line model showed SLPI to be up-regulated in the more aggressive daughter cell line when compared with the parental cell line (15) .
Expression array analyses can identify genes that have not previously been linked with cancer or metastasis and may provide novel information. Few reports have documented expression of the small HSP aB-crystallin in breast cancer (45) . This protein is thought to share chaperone functions of HSPs and may prevent apoptosis by binding to and preventing activation of caspase-3 (46, 47) . Thus, increased expression in the metastatic variant GILM2 might confer a survival advantage. We reported previously the expression of aB-crystallin using the same tissue arrays used in this report and found a significant correlation between higher protein expression and lymph node metastasis, high nuclear grade, and shorter survival (12) . In the same cohort, we evaluated the expression of HSP-70, CXCL-1 (nuclear and cytoplasmic), and SLPI. These proteins were highly coexpressed, particularly CXCL-1 and HSP-70. We found strong associations between high nuclear CXCL-1 and high HSP-70 expression and poor survival. Expression of each protein was associated with lymph node involvement. Because these markers are novel, cutoff points for ''high/low'' or ''positive'' versus ''negative'' have not been established. Regular brown stain for immunohistochemistry is flawed due to differences in results based on the concentration of the antibody used and subjectivity of the pathologist-based analysis. Use of our newly developed method of AQUA of expression allows for objective, continuous measurement of expression.
HSP-70 showed lower expression in GILM2 cells compared with GI101A cells in the gene array results, yet the tissue microarray results showed a strong association between high HSP-70 expression and tumor aggression. Although cell line models are useful screening tools for clinically relevant markers, the GI101A model only represents a single aggressive variant, established in an experimental setting, whereas the tissue microarrays contain specimens from hundreds of patients. Moreover, other studies in the literature support an association between high HSP-70 expression and tumor aggression and proliferation (28, 48) . How HSP-70 may contribute to breast cancer progression is not well understood. A study of breast cancer specimens showed that the HSP expression was associated with increased proliferation (49) , and similar to aB-crystallin, HSP-70 is reported to prevent the activation of caspases, blocking apoptosis (50) and thus providing a survival advantage.
Reliable predictors of lymph node involvement could change clinical practice once validated in a prospective fashion. About 30% of patients with newly diagnosed invasive breast cancer have positive sentinel lymph nodes at the time of initial surgery (51). Thus, accurate ''molecular staging'' of patients based on marker expression in primary tumors could ultimately replace costly and occasionally morbid sentinel lymph node dissections in f70% of patients. Accurate molecular staging using predictors of lymph node involvement and survival could affect selection of adjuvant therapies in patients with stage I to III breast cancer. We now have many choices of adjuvant chemotherapy and antihormonal therapy, using different schedules and drug combinations, with variable degrees of toxicity. Selection of poor prognosis patients based on marker expression in primary tumors could enable us to reserve the most toxic therapies for those with the worst prognosis.
In conclusion, we used two variants of a human breast cancer cell line to identify genes differentially expressed in the more tumorigenic and metastatic variant. We studied the protein expression for three of these differentially expressed genes using human breast cancer specimens with associated clinical data. Two of the three (CXCL-1 and HSP-70) were associated with decreased survival, whereas all three were associated with lymph node metastases. Combined with the previous report using this model (12) , four genes differentially expressed in the GI101A model of breast cancer progression were significantly associated with lymph node metastasis or shorter survival in breast cancer patients. Thus, cell line models can serve as a basis for further studies of the biology of breast cancer metastasis and provide models for further experimental analyses. The differentially expressed genes identified in this study might have an important role not only as prognostic markers but also as the next generation of molecular therapeutic targets.
